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We find if a Higgs triplet with hypercharge has a special dimension-6 operator with the standard
model Higgs doublet, i.e. a square of the trilinear triplet-doublet coupling, its scalar(pseudo-scalar)
component can obtain a small quadratic term while its pseudo-scalar(scalar) and charged-scalar com-
ponents can hold their masses heavy enough. Such split Higgs triplet can spontaneously develop
a small vacuum expectation value to realize a Majorana neutrino mass generation without causing
any high-dimensional lepton number violations including the well-known Weinberg dimension-5 op-
erator. Alternatively it can mediate a non-standard neutrino self-interaction motivated by resolving
the tension in Hubble constant measurements. This effective theory with rich observable phenomena
can be induced by the Georgi-Machacek Higgs triplets at tree level or some dark matter fields at
one-loop order.
I. INTRODUCTION
It is well known that a Higgs triplet can obtain an in-
duced vacuum expectation value (VEV) through its tri-
linear coupling with the standard model (SM) Higgs dou-
blet [1–5]. This induced VEV makes the electroweak ρ
parameter deviate from unit so that it should be smaller
than a few GeV to satisfy the experimental limits [6]. In
order to relax the ρ-parameter constraint, we can simul-
taneously introduce two Higgs triplets, i.e. one carries a
nonzero hypercharge and the other is real without hyper-
charge. The ρ parameter then can be held at unit even
if the two induced VEVs are as large as a few tens GeV
[7]. This is the so-called Georgi-Machacek model [8, 9].
As a scalar, the Higgs triplet in principle can be ex-
pected to spontaneously break certain symmetry. Unfor-
tunately, such spontaneous Higgs triplets contain some
light components so that their exist can not be con-
sistent with the SM precision measurements. For ex-
ample, the neutral component of the spontaneous Higgs
triplet with hypercharge will give an unacceptable invis-
ible decay width of the Z boson. Similarly, the neutral
and charged components of the spontaneous Higgs triplet
without hypercharge will significantly enlarge the decay
width of the Z and W± bosons. Therefore, people con-
clude that the Higgs triplets for spontaneous symmetry
breaking should have been ruled out experimentally.
On the other hand, the discovery of neutrino oscilla-
tions has indicated that three flavors of neutrinos should
be massive and mixed [6]. Moreover, the neutrinos should
be extremely light to fulfil the cosmological observations
[6]. Currently, the best explanation for the tiny but
nonzero neutrino masses seems to be the famous seesaw
[11–14] mechanism. In the tree-level [1–5, 11–16] or ra-
diative [17] seesaw models for generating a Majorana neu-
trino mass term, some heavy particles such as the type-II
seesaw Higgs triplet with hypercharge can always medi-
ate a lepton-number-violating Weinberg dimension-5 op-
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erator [18]. Alternatively, we can consider some dilep-
ton, leptoquark or diquark scalars [19–21]. By integrat-
ing out these dileptons, leptoquarks or diquarks, we can
obtain some high-dimensional lepton number violations
and then can have the Majorana neutrino masses in asso-
ciation with the SM Yukawa couplings. For example, the
singly-charged and doubly-charged dileptons in the Zee-
Babu model [19, 20] can mediate a dimension-9 lepton-
number-violating operator. To the best of our knowl-
edge, the Majorana neutrino mass generation must be ac-
companied by the appearance of certain high-dimensional
lepton-number-violating operators.
Furthermore, the discrepancy between the Hubble con-
stant measurements from the early and late Universe ob-
servations has grown in significance to 4−6 σ over several
years and has posed a serious challenge to the standard
ΛCDM cosmology. The low-redshift measurements of the
matter density fluctuation amplitude on 8 Mpc scales,
σ8, also appear to be lower than the ΛCDM prediction.
The significant ”Hubble tension” and the milder ”σ8 ten-
sion” can be simultaneously resolved by the neutrinos
with non-standard self-interactions [22–28]. However, the
viable realization of such non-standard self-interacting
neutrinos was found to be highly challenging [28].
In this paper, we shall present a novel idea of split
Higgs triplet. Specifically, after the SM Higgs dou-
blet drives the electroweak symmetry breaking, the
scalar(pseudo-scalar) component of a Higgs triplet with
hypercharge can obtain a small quadratic term while the
pseudo-scalar(scalar) and charged-scalar components can
hold their masses heavy enough to fulfil all experimental
constraints, thanks to a special dimension-6 operator be-
tween this Higgs triplet and the SM Higgs doublet, i.e. a
square of the trilinear triplet-doublet coupling. Such split
Higgs triplet can spontaneously develop a small VEV
to realize a Majorana neutrino mass generation without
causing any high-dimensional lepton number violations
including the well-known Weinberg dimension-5 opera-
tor. Alternatively, it can mediate a non-standard neu-
trino self-interaction to resolve the Hubble tension. This
effective theory can be achieved at tree level or one-loop
order in various renormalizable models with the Georgi-
Machacek Higgs triplets [8, 9] or some dark matter fields
2[17, 29–33].
II. SPLIT HIGGS TRIPLET
The SM Higgs doublet and the Higgs triplet with hy-
percharge are denoted by
φ(1, 2,− 12 ) =
[
φ0
φ−
]
,
∆(1, 3,+1) =
[ 1√
2
δ+ δ++
δ0 ≡ 1√
2
(
δ0R + iδ
0
I
) − 1√
2
δ+
]
. (1)
Here and thereafter the brackets following the fields de-
scribe the transformations under the SU(3)c×SU(2)L×
U(1)Y gauge groups. Their full scalar potential at renor-
malizable level is expected to be
Vφ∆ = µ
2
φφ
†φ+ λφ
(
φ†φ
)2
+ µ2∆Tr
(
∆†∆
)
+λ∆
[
Tr
(
∆†∆
)]2
+ λ′∆Tr
(
∆†∆†
)
Tr (∆∆)
+λ′′∆Tr
(
∆†∆∆†∆
)
+ λφ∆φ
†φTr
(
∆†∆
)
+λ′φ∆φ
†∆∆†φ . (2)
Here we have forbidden the trilinear triplet-doublet cou-
pling in the usual type-II seesaw model, i.e.
Vφ∆ /⊃ µφ∆
(
φT iτ2∆φ+H.c.
)
. (3)
For this purpose, we impose a Z4×Z4 discrete symmetry
under which the Higgs triplet ∆, the SM Higgs doublet
φ and the SM fermions F carry the charges as below,
∆(−,−) , φ(+,+) , F (i, i) . (4)
The SM Higgs doublet φ spontaneously breaks the elec-
troweak symmetry as usual, i.e.
φ =
[
1√
2
(
vφ + hφ
)
0
]
with vφ =
√
−µ
2
φ
λφ
≃ 246GeV .(5)
While the SM Higgs boson hφ has a mass [6],
m2h
φ
= 2λφv
2
φ ≃ 125GeV for λφ ≃ 0.13 , (6)
the neutral, singly-charged and doubly-charged compo-
nents (δ0, δ±, δ±±) of the Higgs triplet ∆ acquire their
masses as below,
m2δ0 = µ
2
∆ +
1
2
λφ∆v
2
φ , m
2
δ± = m
2
δ0 +
1
4
λ′φ∆v
2
φ ,
m2δ±± = m
2
δ0 +
1
2
λ′φ∆v
2
φ . (7)
Clearly, the real and imaginary parts δ0R,I of the neutral
component δ0 are identical at this stage.
The above δ0R − δ0I degeneracy can be broken by the
following dimension-6 operator,
Leff ⊃ ±
1
Λ26
[(
φT iτ2∆φ
)2
+H.c.
]
. (8)
The real part δ0R or the imaginary part δ
0
I now can be
allowed to obtain a small quadratic term,
m2δ0
R
= m2δ0 −
v4φ
2Λ26
≪ m2δ0
I
= m2δ0 for
v4φ
2Λ26
≃ m2δ0
I
, (9)
or
m2δ0
R
= m2δ0 +
v4φ
2Λ26
≫ m2δ0
I
= m2δ0 for
v4φ
2Λ26
≫ m2δ0
I
. (10)
This means if its quadratic term is negative, i.e. µ2
δ0
R(I)
≡
m2
δ0
R(I)
< 0, the δ0
R(I) field can spontaneously develop a
small VEV,
δ0R(I) = v∆ + h∆ with v∆ =
√√√√− µ
2
δ0
R(I)
λ∆ + λ
′′
∆
≪ vφ . (11)
Accordingly, the Higgs boson h∆ can have a mass of the
order of the VEV v∆, i.e.
m2h∆ = 2(λ∆ + λ
′′
∆)v
2
∆ . (12)
It should be noted the Higgs bosons hφ and h∆ now are
not the mass eigenstates. However, their mixing is sup-
pressed by a factor v∆/vφ ≪ 1 so that it can be safely
ignored.
III. NEUTRINO MASS AND HUBBLE
TENSION
Under the Z4×Z4 symmetry (4), the SM Yukawa cou-
plings are not be affected and are not shown for simplic-
ity. Instead, we only give the Yukawa couplings involving
the Higgs triplet ∆, i.e.
LY ⊃ −
1
2
f l¯cLiτ2∆lL +H.c. , (13)
with lL being the SM lepton doublets,
lL(1, 2,− 12 ) =
[
νL
eL
]
. (14)
Due to the above Yukawa interaction, the real part δ0R of
the neutral component δ0 from the Higgs triplet ∆ is a
scalar while the imaginary part δ0I is a pseudo-scalar.
As shown in Eq. (11), the Higgs triplet ∆ can sponta-
neously develop a small VEV v∆. Therefore, the Yukawa
couplings (13) can offer the neutrinos νL a Majorana
mass term,
L ⊃ −1
2
mν ν¯
c
LνL +H.c. with
mν =
1√
2
fv∆ or mν =
i√
2
fv∆ . (15)
3We would like to emphasize that the above neutrino mass
generation is different from the usual type-II seesaw [1–5]
where the Higgs triplet should have a trilinear coupling
with the SM Higgs doublet. See Eq. (3). Therefore,
our split Higgs triplet ∆ can not mediate the well-known
Weinberg dimension-5 operator [18], i.e.
Leff /⊃ −
1
Λ5
l¯Lφφ
T lcL +H.c. . (16)
Indeed the Weinberg dimension-5 operator and the other
high-dimensional lepton-number-violating operators are
all protected by the Z4 × Z4 symmetry (4).
The Higgs boson h∆ may not be allowed below the
MeV scale by the BBN. The VEV v∆ thus may be larger
than the MeV scale. In this case, the Yukawa couplings
f should be of the order of O(10−7) to make the neutrino
massmν of the order ofO(0.1 eV) [6]. Such small Yukawa
couplings can be understood by resorting to some vector-
like lepton doublets which couple to the split Higgs triplet
∆ and mix with the SM lepton doublets lL. The details
can be found in a recent work [34].
In the other case that the light scalar δ0R or the light
pseudo-scalar δ0I has a positive quadratic term and does
not develop a VEV, the Yukawa couplings (13) will not
be constrained by the neutrino mass. This means we can
have the flexibility to choose the structure and the size of
these Yukawa couplings. For example, the Higgs triplet
∆ can mostly even exclusively couple to the tau neutrino.
Especially, the tau-neutrino self-interaction mediated by
the light scalar δ0R or the light pseudo-scalar δ
0
I can fall
in a so-called moderately interacting regimes [28],
Leff ⊃ ±Geffν¯cLτνLτ ν¯LτνcLτ with
Geff =
f2ττ
2m2
δ0
R(I)
=
(
89+171−61 MeV
)−2
. (17)
The Hubble tension thus can be resolved while the other
experimental constraints can be satisfied [28]. From Eq.
(17), we can put an upper bound on the mass of the light
scalar δ0R or the light pseudo-scalar δ
0
I , i.e.
mδ0
R(I)
< 223+429−153MeV for fττ <
√
4pi . (18)
In order to simultaneously generate the neutrino mass
and reconcile the Hubble tension, we can introduce two
split Higgs triplets. However, it may be difficult to dis-
tinguish these two split Higgs triplets by certain sym-
metries. Since the Majorana nature of neutrinos is just
a theoretical assumption and has not been confirmed by
any experiments, we can consider some Dirac seesaw [35–
39] for light Dirac neutrinos while the split Higgs triplet
can focus on the Hubble tension.
IV. CONSTRAINTS AND IMPLICATIONS
Besides the perturbation condition, the scalar poten-
tial (2) should be bounded from below in all the direc-
tions of the field space. We hence require
0 ≤ λ∆ + λ′′∆ , λ∆ + λ′∆ +
1
2
λ′′∆ < 4pi ,
−2
√
λφ (λ∆ + λ
′′
∆) ≤ λφ∆ , λφ∆ + λ′φ∆ < 4pi ,
−2
√
λφ
(
λ∆ + λ
′
∆ +
1
2
λ′′∆
)
≤ λφ∆ +
1
2
λ′φ∆ < 4pi . (19)
The coupling λφ∆ should be also constrained by the in-
visible decay of the SM Higgs boson hφ into the light
scalar δ0R or the light pseudo-scalar δ
0
I , i.e.
Γ(hφ → δ0R,Iδ0R,I) =
λ2φ∆
32pi
v2φ
mh
φ
. (20)
We can take the coupling λφ∆ small enough to satisfy
the limit on the hφ invisible branching fraction [6]. By
ignoring the coupling λφ∆, we can put an upper bound
on the charged scalar masses in Eq. (7), i.e.
m2δ± < m
2
δ0
I
+ (436GeV)
2
,
m2δ±± < m
2
δ0
I
+ (617GeV)2 for λ′φ∆ < 4pi . (21)
This means even if the pseudo-scalar δ0I is very light, the
charged scalars δ± and δ±± can be heavy enough to test
at the LHC [40, 41].
When the scalar δ0R (the pseudo-scalar δ
0
I ) is very light,
the pseudo-scalar δ0I (the scalar δ
0
R) should be heavy
enough to suppress the invisible decay width of the Z
boson, i.e.
Γ(Z → δ0Rδ0I ) =
GFm
3
Z
2
√
2pi
(
1−
m2
δ0
R,I
m2Z
)3
. (22)
We thus can simply take the scalar δ0R or the pseudo-
scalar δ0I heavier than the Z boson to match the exper-
imental uncertainty in the invisible Z width [6]. Con-
sequently we can give an upper bound on the effective
cutoff Λ6 in the dimension-6 operator (8), i.e.
m2δ0
R,I
≃ v
4
φ
2Λ26
> (91GeV)
2 ⇒ Λ6 < 470GeV , (23)
from Eq. (9) or Eq. (10).
In the usual type-II seesaw model where the scalar δ0R
and the pseudo-scalar δ0I are both heavy, the following
decay channels should be most important for the Higgs
triplet searches [40, 41],
δ± →W±Z , δ+ → e+i νLj , δ− → e−i ν¯Lj ,
δ±± →W±W± , δ±± → e±i e±j . (24)
Now the light scalar δ0R or the light pseudo-scalar δ
0
I can
have a different phenomenology, i.e.
δ0R(I) → Zδ0I(R) , δ± →W±δ0R,I ,
δ±± →W±W±δ0R,I . (25)
4This can be understood by the fact that the decays (24)
rather than the decays (25) are suppressed by the small
VEV v∆ or the small Yukawa couplings f . Of course,
the Yukawa couplings f can be sizable to dominate the
decaying processes in Eq. (24) and (25) when the split
Higgs triplet does not develop a VEV for the Majorana
neutrino mass generation.
V. RENORMALIZABLE MODELS
So far our discussions on the split Higgs triplet are
based on the effective theory. It should be more
attractive if this scenario arises from a renormaliz-
able theory. For this purpose, we construct five pos-
sible models. The relevant diagrams are shown in
Fig. 1. In the one-loop diagrams (a-d), we introduce
the scalars ξ1,2(1, 1, 0), η1,2(1, 2,−1/2), Σ1,2(1, 3, 0) and
Ω1(1, 3,+1) as well as the Majorana singlets S1,2 =
SR1,2(1, 1, 0) +
(
SR1,2(1, 1, 0)
)c
, the vector-like doublets
D1,2 = DL1,2(1, 2,−1/2) +
(
DL1,2(1, 2,+1/2)
)c
and the
Majorana triplets T1,2 = TL1,2(1, 3, 0) +
(
TL1,2(1, 3, 0)
)c
.
For the Z4 × Z4 symmetry (4), the fields with subscript
”1” and ”2” carry the parity (−,+) and (+,−) respec-
tively. In the tree diagram (e), the scalar Ω(1, 3,+1)
denotes one of the Georgi-Machacek Higgs triplets.
As an example, we demonstrate a simple model in the
diagram (a). Specifically we consider an inert real singlet
scalar and an inert Higgs doublet,
ξ , η =
[
η0 = 1√
2
(
η0R + iη
0
I
)
η−
]
, (26)
where the subscripts of the fields in the diagram have
been omitted for simplicity. The ξ − η inert scalars have
the following potential,
Vξη =
1
2
µ2ξξ
2 +
1
4
λξξ
4 + µ2ηη
†η + λη
(
η†η
)2
+
1
2
λξηξ
2η†η , (27)
as well as the interactions with the φ−∆ Higgs scalars,
Vξη−φ∆ =
1
2
κ1ξ
2φ†φ+
1
2
κ2ξ
2Tr
(
∆†∆
)
+ κ3η
†ηφ†φ
+κ4η
†φφ†η +
1
2
κ5
[(
η†φ
)2
+H.c.
]
+κ6η
†ηTr
(
∆†∆
)
+ κ7η
†∆†∆η
+κ8η
†∆∆†η + κ9ξ
(
ηT iτ2∆φ+H.c.
)
. (28)
After the electroweak symmetry breaking, the inert
scalars can obtain their physical masses,
m2η0
I
= m2η± +
1
2
κ4v
2
φ , m
2
η0
R
= m2η0
I
+
1
2
κ5v
2
φ ,
m2η± = m
2
η0
I
− 1
2
κ4v
2
φ , m
2
ξ = µ
2
ξ +
1
2
κ1v
2
φ . (29)
Their contributions to the quadratic term of the light
scalar δ0R then can be well computed by
v4φ
2Λ26
=
κ29v
2
φ
32pi2
[
m2
η0
R
m2
η0
R
−m2ξ
ln
(
m2
η0
R
m2ξ
)
−
m2
η0
I
m2
η0
I
−m2ξ
ln
(
m2
η0
I
m2ξ
)]
. (30)
The effective cutoff Λ6 can be simply read in some lim-
iting cases [42],
Λ26 ≃
16pi2
κ5κ
2
9
m2η0
I
=(36GeV)2
(
4pi
κ5
)(
4pi
κ9
)2( m
η0
I
125GeV
)2
for m2η0
R
≫ m2η0
I
≫ m2ξ . (31)
The mixing between the ξ and η0R,I scalars is highly
suppressed by the small VEV v∆. So, the ξ and η
0
R,I
scalars can well approximate to the mass eigenstates. We
then take ξ to be lighter than η0R,I for the simplification
(31). This means a stable ξ for a residual Z4 × Z4 → Z2
symmetry. In the presence of the light scalar δ0R or the
light pseudo-scalar δ0I , the stable scalar ξ can serve as
a dark matter particle through the annihilation ξξ →
δ0
R(I)δ
0
R(I).
VI. SUMMARY
In this paper we have proposed a new idea of split
Higgs triplet [43] with rich observable phenomena. When
the split Higgs triplet spontaneously develops a small
VEV, the neutrinos can obtain their Majorana masses
without causing any high-dimensional lepton number vi-
olations including the well-known Weinberg dimension-5
operator. Alternatively the split Higgs triplet can me-
diate a non-standard neutrino self-interaction to resolve
the reported Hubble tension. We demonstrate such split
Higgs triplet in an effective theory and then realize it
in various renormalizable models [44] with the Georgi-
Machacek Higgs triplets or some dark matter fields.
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